Shoulder joint replacement generally utilizes ultra-high molecular weight polyethylene (UHMWPE) as a bearing surface. Long term survival of such implants is recognized to be limited by wear of the UHMWPE. Commercially available JRI 42mm diameter VAIOS Total shoulders were wear tested in diluted bovine serum for five million cycles in a unique Shoulder Wear Simulator. Five Total shoulders were subject to rotational and translational motion, and loading, to replicate the 'Mug to Mouth' activity of daily living. A sixth Total shoulder was subject to loading only in a control station. Wear was measured gravimetrically and surface roughness was measured with a non-contacting profilometer. Mean wear rate of the UHMWPE components was 21.5 ± 5.4 mm 3 /million cycles. The humeral heads roughened, from 19 ± 3 nm Sa to 43 ± 13 nm Sa over the five million cycles of the test, whilst the UHMWPE glenoid components became smoother, from 959 ± 230 nm Sa to 77 ± 17 nm Sa. This is the first reported wear test of multiple samples of a commercially available Total shoulder in a dedicated shoulder simulator.
INTRODUCTION
Shoulder joint replacement (SJR) is the third most common orthopaedic joint replacement after hip and knee joint replacement in England and Wales 1 , and data suggests that primary SJR is growing exponentially 2, 3 . There are two main types of SJR. Total shoulders are anatomically correct and typically have differing humeral and glenoid component spherical diameters allowing both rotation and sliding of the joint. Reverse shoulders are anatomically inverted and have similar humeral and glenoid diameters giving a conforming geometry, akin to ball and socket joints, and are intended to operate with a largely rotational motion. Most SJRs generally employ a Cobalt Chromium (CoCr) component rubbing against ultra-high molecular weight polyethylene (UHMWPE) as an articulation.
It is recognized that implants using UHMWPE are limited in their longevity by wear of the UHMWPE and the body's reaction to UHMWPE wear debris 4 . Wear of the polyethylene glenoid component elicits an osteolytic response to the wear particles, leading to aseptic loosening of the joint. This has been established through numerous studies of Total shoulders, spanning many years. A study in 1999 5 examined the membranes surrounding Total SJR revised for aseptic loosening associated with osteolysis, and found UHMWPE wear particles. A subsequent study in 2001 of 39 Total shoulder glenoid components found that 97.2% were loose 6 . A review published in 2008 recognized that glenoid component failure was the most common complication in Total SJR 7 .
To investigate SJR wear in vitro, the Newcastle Shoulder Wear Simulator was designed, commissioned and validated 8, 9 . It is the first multi-station shoulder simulator capable of applying physiological motion in three axes with physiological loading. It is fully programmable allowing it to reproduce shoulder activities of daily living (ADLs). For example, lifting an object to head height, or drinking from a mug 10 .
In a previous study, the Newcastle Shoulder Wear Simulator was used to wear test commercially available JRI Orthopaedics 42mm diameter Reverse VAIOS shoulders using three axes of physiological motion with physiological loading 9 . The loads and motions associated with the 'mug to mouth' activity of daily living were applied and a wear rate of 14.3mm 3 /million cycles was measured 9 . However, total shoulders are designed to allow the translational motion seen in the natural glenohumeral joint 11 .
In the current study, in addition to applying the loads and motions associated with 'mug to mouth', a translational sliding motion was therefore added to the simulator to wear test commercially available JRI Orthopaedics 42mm diameter Total VAIOS shoulders (see Figure 1 ). A single station test machine was used to apply motion in the abduction-adduction axis alone 13 . Such simplification of motion to one axis 19 , or application of a linear wear path 20 , has been shown to produce negligible wear levels in UHMWPE hip joints and therefore give non-clinically relevant results. This same single station test machine was also used in a later study 15 and the results were inconsistent between the studies. Geary et al 14 used a different single station machine with two axes of motion to wear test Total shoulders. However, the joints were mounted in Sawbone which prevented gravimetric wear measurement.
Dieckmann et al 16 used a single station simulator to wear test a 54mm diameter commercially available (Capica, Implantcast) Titanium Nitride (TiN) coated titanium humeral head against an UHMWPE glenoid. The simulator featured two axes of applied motion, dynamic loading, and a third axis which allowed longitudinal motion resisted by a spring. The maximum translational displacement was given as 'about ± 0.7' without units. After 5 million cycles, average wear of the glenoid was 9.9 mm 3 / million cycles when converted to a mean volumetric wear rate. An AMTI knee simulator was used to test 48mm diameter CoCr humeral components against UHMWPE glenoid components with 'abduction-adduction rotation', sliding translation and a constant load of 756N 17 .
Wirth et al also tested three 48mm diameter CoCr humeral components against cross-linked polyethylene (XLPE) 17 . Using a density of 930 kg/m 3 for XLPE 21 to convert the gravimetric results to volumetric results, the study measured a wear rate of 7.5 mm 3 /million cycles compared with 49.4 mm 3 /million cycles for UHMWPE. That XLPE should give a lower wear rate compared with UHMWPE is to be expected 22 .
In a separate study, six XLPE glenoid components were articulated against 44mm diameter CoCr humeral components with both rotation and translation in an MTS knee simulator 18 .
METHODS
The Newcastle Shoulder Wear Simulator 8, 9 has five articulating stations and one static control station. Axial loading to each implant is applied using a pneumatic cylinder, the compressed air to these six cylinders being supplied equally from a proportional valve via a manifold. Three other pneumatic cylinders with integral position encoders move five glenohumeral prostheses simultaneously in the flexionextension, abduction-adduction, and internal-external rotation axes. A mechanism with a rotational centre eccentric to the internal-external axis, and driven by the internal-external motion, was built into the components between the loading cylinder and lubricant bath to provide translational sliding motion to each test station. The simulator is programmed in LabView and National Instrument controllers are used to control the pneumatics.
'Mug to Mouth' was chosen as the ADL to use in this wear test as this was used in a previous wear test of reverse shoulders 9 and thus allowed a direct comparison.
Rotational motion ranges per cycle were -16° to +11° in flexion-extension, -18° to -6° in abduction-adduction, and -42° to -17° in internal-external rotation. Joint rotations and loads mimicked those in the previous test of Reverse shoulders 9 . A cadaveric study of glenohumeral mechanics 11 23 . In regard to ambient temperature, it has been seen that protein precipitation, which reduces wear, occurs at higher temperatures 24 . In addition, temperatures around ambient produced clinically valid wear 25 . Gravimetric measurements (Denver Instruments TB-215D, sensitivity 10µg) were used to determine the weight change and thus the wear of components. At regular intervals the simulator was stopped, lubricant was decanted, test components were carefully removed, cleaned and weighed to a consistent protocol. The gravimetric method was based on ISO 14242-2 for testing hip prostheses 26 , in the absence of a similar ISO protocol for shoulder prostheses. Using a density of 938 kg/m 3 for the UHMWPE, volumetric wear was then calculated from weight losses, which were compensated by any weight changes of the control. Roughness measurements of the articulating surfaces of the prostheses were obtained using a ZYGO NewView 5000 non-contacting profilometer 27 . Ten measurements were taken per component and the mean roughness average (Sa) calculated.
RESULTS
The mean wear results for the UHMWPE components of the Total shoulders are shown in Figure 4 . As can be seen, the results were linear over the 5 million cycles of testing. A mean ± S.D. wear rate of 21.5 ± 5.4 mm 3 /million cycles was measured.
Figure 4: Wear results for the five JRI VAIOS Total shoulders
In Table 1, the surface An image of the surface of the unworn humeral head from station 3 taken prior to testing using the Zygo profilometer is shown in Figure 5 . This contrasts with Figure 6 for the same component taken after 5 million cycles of testing, where numerous irregular scratches can be seen. All components were of the same size and made to the same specification, so there were no differences in this regard. In terms of CoCr component roughness, the component in station 1 did not show the highest roughness so again this does not provide an explanation. While no final explanation is currently available, it should be noted that such differences in wear rates between stations have been seen in simulator studies of metal on polymer bearings 28, 29 . A comparison of the wear results at the end of this study of Total shoulders and the previous study of Reverse shoulders is given in Table 2 . As can be seen from 21 . This increase in roughness fits with the increase in Sa which we measured. Roughening of CoCr femoral knee components articulating against UHMWPE has also been reported in a simulator study 30 . Hence, the roughening of the CoCr humeral heads over the course of the wear test in this study might be expected.
Smoothing of the UHMWPE glenoid components in this study shows broad agreement with other studies. The UHMWPE glenoid cups became significantly Smoothing of UHMWPE tibial trays has also been observed in a knee simulator study 30 .
A summary of this study and the various multiple station Total shoulder wear tests discussed in the Introduction are shown in Table 3 33, 34 . The mixed lubrication regime between CoCr and UHMWPE is one where the majority of the load across the joint is carried by asperity contact.
When the majority of the load is carried by asperity contact, wear of the joint is typical of a boundary lubrication regime. For joints operating in a boundary lubrication regime, the Lancaster 35 
wear equation is applicable
V=kPx where V, the volume of material removed by wear, is proportional to the product of wear factor, k, applied load, P, and sliding distance, x. Therefore, as load increases, wear should increase proportionally. Similarly, as sliding distance increases, wear should increase, and sliding distance increases with increasing joint diameter.
Detailed wear path analysis is beyond the scope of this work, however, simple comparison of loads and joint size with other studies is appropriate. The Wirth et al study 17 used larger (48mm) diameter joints, than the 42mm diameter in this study. 40, 41 . Another limitation is that we have assumed that all the wear is from UHMWPE, rather than UHMWPE and CoCr. However, this assumption is based on the common finding in biotribologcal studies that there is no discernible wear of the hard metal component compared with the softer polyethylene 22, 42 .
A wear test of Total shoulders was completed with both rotational and sliding 
